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Abstract: The article presents new information on the spatial distribution of intense rainfall and a 
new map of susceptibility to the formation of mass movements in the mountainous streams of the 
municipality of Funchal, the capital of the Autonomous Region of Madeira, an archipelago of 
Portugal. The methodology that was adopted is based on the spatial analysis of weighted overlap 
of variables, with influence in the occurrence of hydro-geomorphological processes that are at the 
origin of catastrophic events, marked by the mobilization of solid material towards and along the 
fluvial channels. Intense precipitations are effectively the main triggering factor of mass 
movements, which is why their statistical characteristics and local contrasts are analyzed, to 
integrate this layer of information into the new susceptibility assessment model of mass 
movements produced in this article. This type of spatialized information is of strategic importance 
to support the planning of urban expansion, which requires a land use management practice in 
accordance with the existing risk in the Madeira Island. 
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1. Introduction 
In general, most scientific studies of natural risks analysis have focused on hazard analysis, 
namely, the study of the characteristics of the phenomena [1,2], which is indeed a fundamental 
diagnostic phase to the subsequent risk management process. However, the issue of spatial 
incidence is not always adequately addressed, therefore, depending on the quality of the available 
thematic cartographic information sources, with this research work, we intend to contribute to the 
deepening of knowledge on the spatial distribution of mass movements, that can cause damage as a 
result of solid material movement. 
The most studied natural hazard in mountain places are snow avalanches, slope movements, 
and floods in alluvial plain environments. The literature about the flows associated with transport of 
debris by mountain torrents is scarcer. Several phenomena like debris flows, mudflows, or woody 
debris are synergistically controlled by conditioning factors (e.g., availability of sediments in the 
upper sectors of the basins, steepness of the slopes, the longitudinal profile of the streamlines) and 
triggering factors, generally, the occurrence of intense precipitation. A streamflow which gains 
intensity following a heavy rainfall event can be classified according to the solid flood discharge 
present at any given time on a given stream reach. It is usual to distinguish three stages: normal 
stream flow in which the solid fraction is less than 40%; hyper-concentrated streamflow in which the 
solid fraction varies from 40 to 60%; debris flow with more than 60% solids [3,4]. However, in nature, 
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the conditions of flow and of solid concentration may occur on a continuous basis, evolving at 
different phases and in different sectors of the basins.  
The formation of turbulent flows in the mountain streamlines that run towards the main 
watercourses is the worst natural risk that threatens the city of Funchal. This phenomenon, locally called 
“alluvium”, is a mixture of hydro-geomorphological complex processes that differ from a strictly 
hydrological flood, due to the high amount of rocky and organic material in circulation. A mixture of 
varied debris, from particles to large rocky blocks and tree trunks, adds to the water flow and these 
dynamics can be associated with the so-called torrent processes. Similar occurrences have been described 
in mountainous areas, such as the Austrian Alps [5], Southern Italy [6,7], and France [8]. 
The methods that can be considered in the analysis of susceptibility to mass movements and 
flood zones can be used independently or combined and can generally be classified into three types: 
(a) historical method [9,10]; (b) hydrological and hydraulic models [11–15]; (c) empirical methods 
based on multi-criteria analysis [16–19]. The application of combined methods can include, for 
example, an integrated analysis of hydro-geomorphological processes based on field observations, 
on the interpretation of aerial photography and of satellite-derived data, on historical 
documentation analysis [20,21], and on numerical modeling of debris flow [22]. Regarding the 
multi-criteria analysis, the estimation of areas prone to mass movements occurrence results from the 
integration and weighting of information of the various explanatory factors of the phenomenon 
studied [17,18]. Other alternative methodological approaches are based on the technique of 
producing scenarios (Formative Scenario Analysis) that are indicative of patterns and trajectories of 
flow and its probabilistic structure [23,24].  
Regarding the spatial patterns of precipitation, the identification of areas of greatest 
susceptibility to intense rainfall is an irrefutably important information source for the evaluation of 
mass movements. A better knowledge of precipitation variation, through the production of 
prediction schemes of its space-time distribution, can represent a significant progress in the 
definition of warning systems and extreme hydro-geomorphological events alert systems [25]. 
Nevertheless, the spatial modelling of this variable depends, to a large extent, on the quality and 
availability of data series of surface observations [14]. 
The space-time variability of rainfall is particularly important in strongly urbanized basins 
sectors, which is why recent studies have drawn attention to this issue [26–29]. In urban areas, the 
hydrological processes are characterized by strong temporal and spatial variability and tend to 
respond quickly to small-scale temporal and spatial variations of rainfall [14]. 
After the great storm of February 2010 [20] there was an increase of scientific publications 
focusing the study of intense rainfall in Madeira Island. Some aimed to characterize its spatial 
distribution patterns [12,25], others focused on meteorological aspects of that rain event, in 
particular [15,20,30,31]. The geomorphological dynamic phenomena and processes triggered by the 
20 February, 2010 storm were also investigated and inventory maps of the landslides were drawn up 
[32]; this has enabled scientists to estimate the volume of solid material produced during this 
particular event, which ranged from 217,000 m3 to 344,000 m3 in the three main river basins of 
Funchal. 
From the perspective of a strict management of natural risks, it is essential to bear in mind that 
phenomena of this nature are characterized by the chaotic behavior of flows, by high stream 
velocity, and by the difficulty in forecasting their spatial incidence. These aspects strongly condition 
the effectiveness of early warning systems and limit the actions of emergency response [25,13]. 
Therefore, the effectiveness of an early warning system for hydro-geomorphological extreme events 
depends, to a large extent, on the capacity and quality of monitoring and forecasting the 
precipitation [33–36]. However, monitoring is not an end by itself, but the goal is to increase the 
knowledge about the behavior and local variation of extreme events. 
The limitations explained above emphasize the importance of identifying the areas of the 
territory under greater risk in order to put in place appropriate measures of mitigation. After the 
succession of debris flow and flash flood events in 1993, 2001, 2007, 2009, 2010, 2012, and 2013 on 
Madeira Island, the current risk management process should not neglect the concept of 
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cross-multidisciplinary and integrated approach, capable of linking structural and non-structural 
measures and to improve the constructive capacity, the regional planning, and the resilience of the 
community to address the disaster. In this sense, the analysis of susceptibility and the delimitation of 
protection and risk zones are essential, in accordance with the guidelines issued by the Directive 
2007/60/EC of the European Parliament and of the Council on the assessment and management of 
flood risks, in an integrated management model of the territory. 
1.1. Goals 
The present work aims to achieve two goals: firstly, to identify the parts of the territory more 
prone to the occurrence of intense rainfall; secondly, to produce a mass movement susceptibility 
map for the small mountain basins of the municipality of Funchal. The information about the areas 
likely to be affected by mass movements is important for spatial planning and in the planning and 
preparation phase, for the civil protection action. 
1.2. Study Area 
Funchal is a municipality with an area of 76.15 km2, located on the southern side of Madeira, a 
mountainous island with 740.7 km2 in the eastern subtropical area of the North Atlantic Ocean 
(Figure 1). This paper focuses on the analysis of the susceptibility only in a part of the territory, but 
this methodological proposal can be applied to the whole other part of the island, given the common 
biophysical characteristics of the hydrographic basins. 
The “amphitheatre” topographic form of the study area may be responsible for the confluence 
at the lower troposphere levels, of the flows from South/Southwest, making this sector of the island 
more prone to upward air flows, that occasionally result in the occurrence of intense and short-term 
precipitation events and consequently in mass movements and flash floods. The city is partially 
located in the terminal sector of alluvial deposition of three main streamlines, whose headwaters rise 
above 1500 m altitude. The corresponding basins cover approximately more than half (58%) of the 
total area of the municipality. The drainage basins factors are vital to explain the high level of 
hydro-geomorphological hazard, namely the irregular relief and the deep incision of narrow valleys, 
the small size of the elongated stream basins (13/14 km2), the short main watercourses (10/11 km) 
and low concentration-time (<2 h). The significant urbanization of the basins, with the urban 
perimeter traced around 600, 700, and 800 m of altitude has resulted in excessive impervious 
surfaces and in increased overland flow, which is itself another factor that tends to contribute to the 
aggravated flood magnitude and extension of the affected area. Most of the municipal area is 
mountainous, including the coastal shoreline which has high cliffs in almost of its extent. There are 
about 128 mountain torrents in the three main basins of Funchal, whose area of their hydrographic 
subsystems is 62% of the total area. 
 
(a) 
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(b) 
Figure 1. Location and relief (a) of the island of Madeira (Portugal), and (b) location of the 47 
rain-gauges considered in this study. 
2. Data and methods 
The precipitation data and digital cartography used in this work was made available by the 
competent authorities: Portuguese Institute for Sea and Atmosphere (IPMA) and Regional 
Laboratory of Civil Engineering. In this section of the paper, the methodologies and procedures 
followed to obtain the results of susceptibility model are further explained. 
2.1. Description of Data 
Regarding precipitation, the density of pluviometric stations (PS) on the island of Madeira (1 
PS/16 km2) is in general quite satisfactory as it approaches the average density recommended [37] for 
the analysis of its spatial variation in mountainous areas (1 PS/15 km2). The network of PS provides 
continuous precipitation recording (udometer with digital recording system) that allows the 
statistical analysis of the variation of the rain for sub-daily periods and presents a relatively dense 
cover. However, the series available are still short spanning, less than a decade. 
The analysis of the precipitation was carried out based on the PS data, whose location is shown 
in Figure 1 and its general description is in Table 1. Table 2 provides detailed information on the 
temporal and spatial framework of the data considered in the various analyses. Different temporal 
intervals of climatic series and different groups of PS were considered in the statistical analysis and 
in the spatial representation of the values of precipitation, depending on the purpose of the analysis 
and on the available data. More precisely, to elaborate the regional maps of the intense precipitations 
presented in Figures 6A and 6B, all PS listed in the Table 1 were used, whereas for statistical 
treatment purposes, only the set of PS located in the study area (Funchal) were considered. 
Table 1. Description of the network of pluviometric stations (PS) considered in this work. 
Code Designation 
Altitude 
(m) 
1 Seixal  70 
2 S. Vicente 120 
3 Ponta do Sol  130 
4 Lombo dos Palheiros 212 
5 São Gonçalo  220 
6 São Martinho  260 
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7 Achada do Til  300 
8 Massapez  300 
9 Trapiche  590 
10 Fajã Nogueira  629 
11 Prazeres  632 
12 Fajã Ovelha  635 
13 Fajã do Penedo  637 
14 Camacha  675 
15 Santa do Porto Moniz 675 
16 Pinheiro Fora  750 
17 Curral das Freiras 800 
18 Casa Velha  880 
19 Pico das Pedras 920 
20 Pico Verde  1020 
21 Trompica 1188 
22 Parque Ecológico do Funchal 1300 
23 Pico da Urze  1365 
24 Estanquinhos  1590 
25 Areeiro  1590 
26 Machico  170 
27 Meia Serra  1100 
28 ETA Alegria  611 
29 Encumeada 854 
30 Bica da Cana  1585 
31 Cova Grande  1340 
32 Ovil  1014 
33 Fajã Rodrigues  575 
34 Fonte do Bispo  1245 
35 Santo Serra, Lamaceiros  784 
36 Santo da Serra, Quinta  660 
37 Achada da Madeira 521 
38 Chão das Feiteiras 1180 
39 Chão dos Louros 900 
40 Curral das Freiras ETA  743 
41 Poiso, PO Florestal 1360 
42 Ribeira do Alecrim  1293 
43 Funchal/Obs.  58 
44 Lugar de Baixo  15 
45 Ponta do Pargo  312 
46 São Jorge  185 
47 Funchal/Lido  25 
Table 2. Basic information on the precipitation data used in this study. 
Meteorological Data and Pluviometric Stations (PS) Goal 
Data referring to the period 2004/2005 to 2010/2011: of the 
following PS: Areeiro, Curral das Freiras, Trompica, Trapiche, 
PEF, LREC, São Gonçalo, Funchal/Obs. e Camacha. 
Spatial representation of the 95th 
percentile of daily Precipitation. 
Annual maximum precipitation series with a duration of 1 day 
(starting at 9 a.m.) and 2 days in the Areeiro PS (1961/62 to 
1993/94). 
Estimate the return Period. 
Precipitations of daily and subdaily duration, referring to a set 
of PS located on the south side of the Island. 
Analysis of the rainy episodes occurring 
from 2009 to 2011. 
Climatic series of daily precipitation of the Areeiro PS 
(1961–2010) and Funchal/Obs. (1949–2010). 
Monthly distribution of the frequency of 
days with precipitation equal to or 
greater than the 95th percentile. 
Climatic series of daily precipitation of Areeiro PS: 1961/62 to Analysis of the frequency of intense 
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1993/94. precipitation days, based on the criterion 
of precipitation in 24 h > 100 mm.. 
Series of hourly precipitation data, referring to the period 
1980–2010 (31 years) in Funchal/Observatory PS and in the 
period 2002–2010 (9 years), in the Areeiro PS. 
Analysis of the frequency of intense 
precipitation days, based on the criterion 
of precipitation in 6 h > 30 mm. 
The two main meteorological stations of Funchal, Funchal/Obs. and Areeiro, were employed in 
the analysis of the frequency of occurrence of heavy rainfall events during the periods indicated in 
Table 2. The statistical summary of the events of heavy rainfall listed in Table 8 was done through 
the application to the Areeiro station, of the criteria of precipitation greater than 100 mm in 24 h 
(Section 3.1.1). Depending on the availability of hourly climatic time series, the meteorological 
warning criterion of the Portuguese Institute for Sea and Atmosphere (IPMA) was applied, namely 
the yellow level warning, that is activated when the forecast indicates a rainfall concentration greater 
than 30 mm in a mobile period of 6 h (Table 2). The criteria for the determination of intense 
precipitation events can be based on thresholds of absolute values in a given time interval (1, 3, 6, or 
24 h), or percentiles techniques, e.g., 95th or 99th percentile [38]. 
The technique of the 95th percentile of daily precipitation was applied in the analysis of the 
inter-monthly variation of intense precipitations (Table 2). The intense precipitation events that 
occurred between 2009 and 2011 were chosen as case studies. In just over 12 months, Madeira was 
hit for seven notable episodes of intense precipitation, four of which occurred in the first 4 months of 
2010/2011: 21 October 2010, 25 November 2010, 20 December 2010, and 25 January 2011. The 
previous hydrological year (2009/2010) was also marked by the occurrence of three rainy episodes: 
the first on 22 December 2009, the second on 2 February 2010, and the third on 20 February 2010. 
Some of these events trigger a sudden rise of the flow, without necessarily corresponding to flash 
floods. However, for this sequence of months it was possible to have access to sub-daily data from a 
network of relatively dense automatic rain gauges located in Funchal and in other parts of the 
Island. Unlike other sequences of hydrological years, this dataset has few data gaps, which allowed 
us to compile and systematize information regarding typical thresholds of precipitation. The 
summary presented in Table 8 does not integrate information about the event of 22 December 2009, 
because it had greater expression only in the northern part of the Island, outside the study area, 
however, the values of this event were used in the creation of the regional maps of heavy rains 
(Figure 6A,B). 
2.2. Methods of Spatial Interpolation of Sub-Daily Precipitation 
Spatial interpolation methods allow the transformation of discrete data into spatially 
continuous information. When studying the spatial distribution of precipitation, the use of linear 
regression using altitude as an auxiliary variable was one of the most commonly used conventional 
multivariate method, before the expansion of geostatistical models, with good results in the case of 
total annual rainfall. However, in the case of daily and sub-daily precipitations at regional scale, the 
analyzed data show that the correlation between precipitation and altitude is not always strong and 
positive in subtropical island like Madeira, because short duration and intense rains can be more 
expressive in the coastal zone and intermediate altitudes (500–600 m), than in the mountains, above 
1000 m. For this reason, in some cases the application of multilinear regression may not be feasible. 
Therefore, a kriging method [39] was used, which is suitable especially when the density of PS is 
high, and these are consistently distributed throughout the territory, as is the case. 
In order to better understand the structure and spatial contrasts of heavy rains, a synthesis map 
based on the inclusion of several levels of information available at the local and regional scale, 
considered to be representative of the characteristic features of short-lived intense precipitation 
events, was produced (Figure 2d). Thus, the average of the following spatialized parameters was 
computed: (a) 12 h and 1 h maximum precipitation for the seven heavy rainfall presented above. 
Figure 2a,b represents the average of the rainfall surfaces presented in Figure 6A,B; (b) 95th 
percentile of daily precipitation based on 9 PS data in the period from 2004/2005 to 2010/2011 (Figure 
2c). The spatial interpolation of these parameters was performed using the ordinary kriging method 
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[39]. Geostatistical estimation starts with the construction and interpretation of semi-variogram 
graphs, followed by the development of the corresponding kriging method. The identification of 
estimation errors results from the difference between interpolated values and the observed values, 
through a designated operation of cross validation, that allows comparing the effectiveness of 
different estimation methods [39,24]. Data processing and corresponding results in [37].  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2. Spatial evaluation of intense precipitation based on: (a) and (b) average intensity of 
maximum precipitation in 1 h and 12 h; (c) 95th percentile of daily precipitation; (d) zonation of 
intense precipitation levels. 
2.3. Susceptibility Assessment Model of Mass Movements in Small Mountainous Basins 
The adopted methodology is based on the multicriteria spatial analysis of the weighted overlap 
of different factors (Figure 3) that influence the occurrence of extreme hydro-geomorphological 
processes in mountain basins. The objective of this classification is to represent the spatial contrasts 
regarding the predisposition of the lands to be affected by extreme precipitation events that trigger 
mass movements on the slopes and on the valley bottoms, towards the fluvial channels. To obtain 
the final map, each factor (Figure 3) was assigned a weight, given its plausible importance in the 
occurrence of these processes, according to the scientific literature. However, due to the existing 
uncertainties related to the importance of each of the selected variables in conditioning and 
triggering the processes under analysis, it was necessary to perform several modeling exercises, 
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varying the relative weight assigned to each variable. It is important to emphasize that there are 
multiple possibilities of conjugation of weights and variables, which are affected by the subjective 
option adopted in this process [40,41,18]. 
The proposed methodology for assessing the susceptibility to the occurrence of mass 
movements towards and along the valley bottoms follows a workflow based on the following main 
steps [42]: (1) selection of sources of information about the factors considered relevant for the 
identification of susceptibility [43,44]; (2) calculation of the values of the selected variables per unit 
of land (cell); (3) integration of the variables in a multicriteria-analysis model, according to empirical 
functions that result from the degree of importance assigned to each factor; (4) validation of the 
model results based on historical and geomorphological information, satellite-derived data and field 
observations [30]. 
 
Figure 3. Conceptual scheme of the model for the evaluation of susceptibility to mass movements in 
Funchal. 
2.4. Factors Used and Respective Weights 
Depending on the data available several variables were selected to assess the territorial 
susceptibility, including climate (map synthesis of heavy rainfall, according to the methodology 
described in the previous section), hydrology (drainage system), relief (slope), and type and 
occupation of the soil (with influence on water retention). The different factors of mass movements 
are usually grouped into two distinct sets, depending on their conditioning and triggering function. 
However, the way they combine to a certain consequence can be considerably distinct in time and 
space [43–45]. Figure 4 shows the set of variables that were selected to be included in the 
susceptibility assessment model; the specific characteristics of each of them and their calculation 
procedures are described below. Table 3 shows the variables and their respective weights, that are 
non-dimensional values on an increasing scale between 1 (less influence on movements) and 5 (more 
influence). 
Table 3. Variables and weights considered in the susceptibility model. 
Variables 
Number of 
Classes 
Variables Classes Weight 
Slope 5 0–10° 1 
  10–15° 2 
  15–20° 3 
  20–25° 4 
  >25° 5 
Distance from the streamline 3 >50 m 1 
  20–50 m 4 
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  <20 m 5 
Drainage density 4 0–1.6 km/km2 4 
  1.6–3.6 km/km2 3 
  3.6–5.5 km/km2 2 
  5.5–13.7 km/km2 1 
Intensity of precipitation 5 Very low 1 
(see Figure 2)  Low 2 
  Medium 3 
  High 4 
  Very high  5 
Type and occupation of the soil 4 CN < 61 1 
  CN >= 62 e <= 80 2 
Runoff Curve Number (CN)  CN >= 81 e <= 94 3 
  CN >= 95 4 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4. Variables selected to integrate the model of mass movements susceptibility in Funchal: (a) 
slope; (b) distance from the streamline; (c) drainage density; (d) Runoff Curve Number (CN), and 
zonation of intense precipitation levels indicated in Figure 2d. 
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2.4.1. Slope 
Among all the physical variables, the slope is the one that has the greatest influence on the 
formation of mass movements, surface runoff, and flash floods on Madeira, because it is a 
mountainous island with considerable altimetric differences, cut by deep, narrow entrenched 
valleys. The higher the gradient of the slopes and of the fluvial channels the smaller the infiltration, 
the shorter the time of formation of flow concentrated in the streams and the greater the velocity of 
the flow. Under these circumstances, higher peak flow will be produced, and higher will be the 
potential energy of the runoff and the hydric erosion in the slopes and the fluvial erosion processes, 
hence the capacity of transporting solid material is also higher [46,47]. Considering the relief 
characteristics of the island of Madeira, five intervals of slope classes were defined (Table 3), from 
very low (0–10°) to very steep slopes (>25°). In natural slopes, the likelihood of instability generally 
occurs where the source area and immediate down slope angle is greater than about 25° but can 
occur on slopes down to about 18–20° [48]. These reference values were considered in the adoption 
of the slope classes. The basic information used in the calculation of the slope map derives from a 
digital terrain model with a resolution of 100 m2, which allows having a rigorous survey of the 
physical characteristics of the terrain. 
2.4.2. Drainage Network (Distance from the Drainage Network and Drainage Density) 
The cartographic representation of the space or distance to the drainage network has the 
objective of defining different riverbank ranges, as a function of the distance measured from the axis 
of the streamline and considering that the smaller the distance, the greater the tendency for the 
occurrence of extreme hydrological phenomena. The drainage proximity map was generated by the 
Multiple Buffer operator of the ArcGIS-10.3 Analysis Tools. 
The drainage density is defined as the ratio of the total length of the watercourses of a given 
region or river basin to its total area. It is a suitable parameter to evaluate the degree of dissection of 
the terrain and the current forms of relief. High values of drainage density indicate that there is a 
high number of fluvial segments per unit area, which can result in a faster response to intense 
rainfall events with lower concentration times. Higher values of drainage density suggest that soils 
tend to be less permeable, which, over time, favors the formation of organized runoff and the 
intensification of peak flows [49–51]. However, from the perspective of the dynamics of mass 
movements, it is assumed that the lower the value the greater the susceptibility of the terrain to the 
processes of hydric erosion and mass movements, so the assigned weight is inverted. The drainage 
density was calculated using ArcGIS-10 Spatial Analyst tools, namely the line density function. The 
values obtained were divided into four classes considering natural discontinuities. The highest 
drainage densities, above 4.5 km/km2 occur mainly in the intermediate and upper sectors of the 
basins of the study area. 
2.4.3. Type and Occupation of the Soil 
The influence of natural and anthropogenic permeability on the direct surface runoff is 
evaluated by applying the Soil Conservation Service’s Curve Number (CN) Method [52,53]. The 
spatial distribution of CN was obtained from the crossing in ArcGIS of information related to: (a) soil 
type (Madeira Island soil chart published in 1992); (b) land cover (2007 land cover chart). In practice, 
the method assumes that infiltration is a function of soil type and its use. 
The Soil Conservation Service (SCS), according to which soils can be classified into four types 
(A, B, C, and D) (with increased capacity to generate runoff at the surface), can be used to quantify 
the Runoff Curve Number (RCN) [54]. The hydrological soil type map was developed considering 
the characteristics of the soil types shown in the Soil Chart, in particular, the aspects that allow 
determining its degree of permeability and following the classification rules of the hydrological type 
of soil. It is assumed that the types of dominant soils reflect the dominant geological characteristics 
of the land.  
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The existing designations of land cover/land use maps (COS, 2007) were grouped into five 
classes, according to their nature: built-up areas (urban, commercial), agricultural areas (including 
the subgroup “pastures”), uncultivated land, and forest areas. In general, soil sealing due to the 
urbanization process, reduces infiltration and tends to produce a greater runoff flow, resulting in 
increased flow velocity and maximum flood flow [55], mainly in consolidated urban areas. 
The Runoff Curve Number depends on the hydrological type of the soil, its use and on the 
surface conditions. The RCN was calculated with ArcGIS through the process of joining the 
combined attributes of maps of the hydrological type of soil and soil occupation. In practice, a new 
field was added to the map resulting from this union, filled in according to the two values related to 
land use codes and soil types, according to the CN reference values (Table 4). Therefore, the 
indications for agricultural, urban, suburban and rural regions were considered in the determination 
of RCN according to the SCS [56]. In theory, the RCN ranges from 0 (maximum permeability) to 100, 
in which case the grounds would be totally impervious. 
Table 4. Curve Number (CN) from soil type data (1992) and soil occupation (2007) in Funchal. 
Tabulated values. 
Description of Land Use Hydrologic Soil Group 
 A B C D 
Urban/built areas 100 
Industry and commercial areas 89 92 94 95 
Agricultural areas 62 71 78 81 
Uncultivated land 39 61 74 80 
Forests 33 57 71 78 
2.4.4. Precipitation 
In order to integrate this level of information into the mass movements susceptibility 
assessment model, the different values of precipitation were grouped into five classes of 
precipitation intensity with increasing weights: 1—very low, 2—low, 3—medium, 4—high, 5—very 
high (Table 5), thus enabling their standardization with a scale of dimensionless values (Figure 2d). 
The susceptibility analysis uses a relative scale of values, usually without a unit of measurement and 
provides spatialized information about the potential occurrence of floods. The scale of absolute 
precipitation values for the duration of 1 h and 12 h shown in Table 5 comes from the scale of 
spatialized data obtained for the group of rain events studied in this research and from the map of 
the 95th percentile of daily precipitation (Section 2.1). 
The space-time variability of rainfall is particularly important in strongly urbanized basin 
sectors, which is why recent studies have drawn attention to this issue [26–29]. In urban areas, the 
hydrological processes are characterized by strong temporal and spatial variability and tend to 
respond quickly to small-scale temporal and spatial variations of rainfall [57]. 
Table 5. Ranking of precipitation intensity levels for different time durations. 
Maximum Hourly 
Precipitation (mm) 
Intensity 
Level 
Maximum 
Precipitation at 12 
Hours (mm) 
Intensity 
Level 
95 Percentile of 
Daily Precipitation 
(mm) 
Intensity 
Level 
0–10 1 0–60 1 30–40 1 
10–20 2 60–90 2 40–50 2 
20–30 3 90–120 3 50–60 3 
30–40 4 120–150 4 60–70 4 
>40 5 >150 5 >70 5 
2.5. Criteria for Weighting and Validating the Model 
The results of the factors were divided into a variable number of classes, which in the case of 
some factors had equal amplitudes, and variable amplitudes for others, as shown in Table 3. Thus, 
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for each factor, an increasing weight was assigned to each class (or decreasing weigh in the case of 
drainage density) with the objective of quantifying the lesser or greater susceptibility to mass 
movements.  
The weighting criterion was used in the adopted risk assessment model. The factors were 
ordered assuming, accordingly with scientific literature [45,58], that there are some more 
preponderant than others, 1 being the most important factor (slope) and 4 (drainage density) with 
less relative influence. Each factor is assigned a relative weight, which is standardized as a function 
of the sum of their assigned weights (Table 6). 
Table 6. Composite index for the evaluation of mass movements susceptibility in Funchal. 
Variables Importance of the Factor Factor Weight Standardisation 
Slope 1 5 0.278 
Distance from the streamline 3 3 0.167 
Type and occupation of the soil 2 4 0.222 
Drainage density 4 2 0.111 
Intensity of precipitation 2 4 0.222 
Sum  17 1 
It was decided to assign a maximum weight of 5 to the slope factor, as it has a direct influence 
on the potential energy of the water and on the flow velocity. In second degree of importance were 
included two factors which were assigned a weight of 4: the type and use of the soil and the 
precipitation intensity. The first, results from a combination of variables that significantly condition 
soil permeability and runoff formation, and hence the time of concentration and the magnitude of 
the peak flows. The second is related to the triggering factor of the mass movements and the fluvial 
runoff and although there may be randomness in its spatial distribution in regions of mountainous 
relief, as is the case, short-term rainfall tends to be more intense at higher altitudes, as suggested by 
the results of the map obtained by the methodology described above. The distance from the drainage 
network is the third most important variable of the final model chosen and was assigned a weight of 
3. This was considered the most appropriate physical variable to show the spatialization of hazard in 
the fluvial environment, as far as it allows the definition of different riverbank widths for the safety 
of people and goods, which is an important aspect in the definition of guidelines and standards for 
fluvial land use planning and the planning of hydrological risk areas. The drainage density was 
chosen as the last variable of the model, to which a weight of 2 was attributed. This is an important 
variable to identify the soils that are most susceptible to the occurrence of hydric erosion processes 
and mass movements, resulting from unorganized runoff, in the areas of lower drainage density. 
The final result shows the classification of the territory concerning the factors that influence its 
behavior in a situation of intense precipitation. As explained previously, the present methodology 
pre-selects a set of variables that are considered determinants to condition and trigger the 
occurrence of mass movements towards and along the fluvial channels. The determination of the 
best susceptibility map results from an iterative process, in which different weights are assigned to 
the selected variables until the obtained result is more consistent with the occurrence history, in 
terms of spatial incidence. 
Model validation was performed through the analysis of the spatial comparison between the 
localization of the mass movements recorded in the past, some of which were already studied by 
other authors [30], and the classes of susceptibility obtained by the model. The polygons locations of 
the past events (1945–2011) were inserted on the susceptibility map for visual validation. The degree 
of adjustment between the observed data and the model is determined by calculating the predicted 
rate curve (Figure 5). The area under the curve (AUC) approach [59] was used, and the result (AUC = 
0.728) showed that the map obtained from the model gives a relative suitable accuracy in classifying 
the areas prone to occurrence of mass movements, on a scale ranging from 0 (minimum 
performance) to 1 (maximum performance).  
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Figure 5. Predicted curve of the mass movements susceptibility map, applied to Funchal 
Municipality. 
3. Results 
The results were divided into two main parts, the first one focuses on the analysis of the spatial 
incidence and statistical characterization of the intense precipitation events, and the second presents 
the model of susceptibility to mass movements and the results of its application to the municipality 
of Funchal. 
3.1. Evaluation of the Spatial Incidence of Intense Precipitation Events 
This section presents firstly an inventory of the intense precipitation events that occurred 
between 1945 and 2011, and consequent mass movements and flash floods generated in the southern 
slopes of the Island (Table 6). The following is a brief statistic of the number of days of intense 
precipitation in study area, at low altitude (Funchal/Obs.) and in the mountain (Areeiro); a second 
more developed section deals with data characteristic of the notable precipitation events that 
occurred in the period from 2009 to 2011. 
3.1.1. Identification of Intense Precipitation Events 
Taking into account the importance of precipitation in the occurrence of mass movements with 
catastrophic consequences, an inventory of the heavy rainfall events that took place on the southern 
slope of Madeira between 1945 and 2011 was carried out, by consulting the descriptive reports of the 
impacts on society [60]. These included at least one victim (dead, missing, or injured), several 
affected persons (evacuated or evicted), and damage in public or private infrastructures, housing, 
commerce, transport, and communications. Although there was no significant damage caused by 
the last four events listed in Table 7, we chose to integrate them into the present analysis, given the 
richness of recorded precipitation information, which corresponded to sudden increases in river 
flow in the study area, with transport of solid material from de upper part of the basins to the urban 
reach. The available documented information relating to the occurrence of natural disasters in 
Madeira, allowed a very faithful reconstitution of what happened within the studied period. 
Unfortunately, the available precipitation series of the oldest weather stations in Funchal do not 
fully cover the period of the studied years.  
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Table 7. Intense precipitation events, mass movements and flash floods that occurred between 1945 
and 2011 on the southern slope of the island of Madeira. 
Date Municipality  Streams  
Number 
of Deaths 
Precipitation at Areeiro PS 
24 h 
(mm) 
T 
(years) 
48 h 
(mm) 
T 
(years) 
14 and 15 
October 1945 
Calheta 
Funchal 
Madalena Mar stream 
Funchal streams 
--- 197 4 204 1 
3 November 
1956 
Machico, Santa 
Cruz 
Machico stream 
Santa Cruz stream 
6 104.5 1 111.3 1 
5 and 6 
January 1963 
Ribeira Brava Ribeira Brava stream 5 156.7 2 269.4 2 
9 January 
1970 
Ribeira Brava Ribeira Brava stream 4 90.9 1 142.2 1 
21 September 
1972 
Funchal São João stream 3 183.2 3 260.3 2 
20 December 
1977 
Funchal ----- 1 148 1 274.8 2 
23 and 24 
January 1979 
Calheta 
Ponta do Sol 
Ribeira Brava 
Machico 
Calheta stream 
Ribeira Brava stream  
Machico stream 
14 186  3 294.5 3 
March 2 and 
3, 1984 
Funchal 
Câmara de Lobos 
Socorridos stream 1 185.8 3 400.8 63 
29 October 
1993 
Funchal, Santa 
Cruz e Machico 
São João, Santa Luzia and João 
Gomes stream (Funchal); 
Santa Cruz stream; Machico 
stream 
9 s/d --- s/d --- 
19 and 20 
October 1997 
Câmara de Lobos 
e Funchal 
Socorridos stream  
Santa Luzia stream 
--- 309.2 813 320.4 4 
4 and 5 
March 2001 
Câmara de Lobos Socorridos stream --- 277 109 506 >1000 
20 February 
2010 
Calheta 
Ponta do Sol 
Ribeira Brava 
Funchal e Santa 
Cruz 
Madalena do Mar stream;  
Ponta do Sol stream; 
São João, Santa Luzia and João 
Gomes streams (Funchal); 
Santa Cruz stream 
48 307.7 735 407.2 95 
21 October 
2010 
Funchal São João stream --- 147 1 150.5 1 
25 and 26 
March 2010 
Funchal ----- --- 185.2 3 190.7 1 
20 December 
2010 
 
Câmara de Lobos 
e Funchal  
Socorridos stream --- 165 2 204.2 1 
25 January 
2011 
Funchal Funchal streams  --- 321 >1000 377.7 21 
The return periods of the values associated to the inventoried rainfall events were calculated 
based on the series of annual maximum rainfall with duration of 1 day (24 h starting at 9h) and 2 
days in the Areeiro PS, from 1961/1962 to 1993/1994 (Table 2) because it corresponds to a continuous 
series, without exclusion of years and with few partial failures. The constitution of longer climate 
series is often conditioned by existing weather observation failures, as is the case for the period 
between 1936 and 1961 in Areeiro PS. The analysis of daily precipitation in the interval from 9:00 to 
9:00 the next day result from the fact that there was a period, in which readings of weather 
observations were performed only once a day, a procedure that conditions the assessment of the 
normal of maximum annual values with the duration of one day, and contributes to the introduction 
of a difficult-to-assess error in the clearance of the actual magnitude of a given precipitation episode. 
Therefore, the determination of the return period will also be affected. For this reason, the values of 
Table 7 are not in accord with values published in previous papers [61,62].  
Sixteen events of intense precipitation were recorded in the inventory period, resulting in a 
mixture of mass movements and flash floods in the different streamlines that run along the southern 
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slope of the Island, nine of which caused 91 deaths (Table 7). The event of 20 February, 2010 was the 
deadliest, with 48 confirmed dead, 22 of which in the municipality of Funchal. Between 2011 and 
2019 the study area was not affected by heavy rain events. However, there were two extreme 
hydro-geomorphological events in November 2012 and November 2013 that caused substantial 
damages, but only in the northern side of the Island. 
In general, it was observed that in 90% of the events listed the precipitation was greater than 150 
mm in 24 h. The average precipitation during the events that had a higher incidence in Funchal was 
222 mm in 24 h at the top of the mountain (in Areeiro). These high values of daily precipitation are 
not very frequent; indeed, in the 33 years of the climatic series (1961/62–1993/94) of that station, there 
were 130 days with precipitation equal to or greater than 100 mm in 24 h. According to the data 
treated, intense precipitation events can contribute decisively to the increase of the monthly and 
semester precipitation. For example, the total daily precipitation of only four rainy events that 
occurred in 2010/2011 (in some places in Funchal, PS Trapiche), is equivalent to 37% of the 
accumulated precipitation in the first semester of the respective hydrological year. This tendency 
shows that rainfall is not necessarily frequent and/or persistent, but it is intense, determining a 
rainfall regime with marked inter-daily variation. 
Mass movements and the flow of solid material in water courses are triggered by events of 
intense precipitation that are usually very concentrated in time but also in space. The inventory data 
(Table 7) shows that Funchal is the area of the south part of the Island that was more often affected, 
particularly the hills corresponding to the headwaters of the three main basins (São João, Santa 
Luzia, and João Gomes streams). 
3.1.2. Main Features and Spatial Incidence of Intense Precipitation Events 
Regarding the events that occurred from 2009 to 2011 as case studies, it should be noted that the 
hydrological years of 2009/2010 and 2010/2011 were very rainy. In the Areeiro station, the total 
accumulated precipitation of the 1st semester of each hydrological year mentioned above was, 
respectively, 90% and 46% above the average amount computed over a 60-year period 
(1949/1950–2008/2009). The highest values of precipitation occurred on 20 February, 2010 [62]. The 
paper published by [63] regarded the events that occurred in the year 2009/2010 as remarkable, and 
the atmospheric characteristics associated to these events as well as the effects of the relief of the 
Island in the intensification of orographic precipitation generation were analyzed. 
Considering the values shown in Table 8, precipitation storms are associated with daily values 
varying from 95 to 140 mm in places below 200 m of altitude, whereas in mountain areas above 500 
m the precipitation values tend to be higher, namely between 195 mm and 225 mm. 
Table 8. Summary of precipitation values associated with intense events from 2009 to 2011. 
 
Trompic
a 
Curral 
Freira
s 
Trapich
e 
São 
Martinh
o 
Areeir
o 
Parque 
Ecológic
o 
São 
Gonçal
o 
Camach
a 
2 
February 
2010 
DP 179.4 390 144.4 95.4 184.7 266.6 208 248.4 
D 
18 h 50 
min 
+24 h 20 h 00 16 h 00 22 h 00 +24 h 15 h 50 17 h 50 
MHP 28.4 46.6 27.6 20.4 24.6 29 42.4 33.8 
20 
February 
2010 
DP 240.8 153.2 340.2 139.6 333.8 332.4 187.2 351 
D 13 h 30 13 h 50 15 h 40 14 h 00 15 h 40 17 h 00 13 h 30 14 h 00 
MHP 60.4 48.4 98.6 42.2 64.6 52.8 72.6 114.4 
21 
October 
2010 
DP 167.6 71.8 197.6 120.8 157.2 144.2 112 177.6 
D 11 h 50 7 h 00 10 h 50 9 h 00 11 h 50 10 h 00 13 h 00 15 h 00 
MHP 41 35.8 69.8 38.4 31.5 31.2 40.2 63.2 
25 
Novemb
er 2010 
DP 155.8 43.2 177.4 129.8 160.5 166.4 156.4 193.2 
D 15 h 40 6 h 20 15 h 20 17 h 00 17 h 50 20 h 00 12 h 00 13 h 00 
MHP 26.6 18.2 38.4 37.8 27.9 42.2 41 57.2 
20 DP 63 ---- 115.4 41.4 165 121.6 25.4 66.4 
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Decembe
r 2010 
D 12h00 ---- 6 h 10 5 h 00 14 h 20 9 h 00 4 h 30 6 h 40 
MHP 5,2 ---- 33.6 17.4 30.1 29.6 7.8 17 
25 
January 
2011 
DP 181,4 ---- 203.8 65.4 344.1 253.2 157 207.4 
D 17h10 ---- 15 h 30 15 h 00 15 h 10 21 h 00 14 h 50 15 h 50 
MHP 23 ---- 24 9.4 37.3 25.6 18.2 25.6 
DP—daily precipitation (00:00 h–24:00 h). D—duration of precipitation. MHP—maximum H=hourly 
precipitation at moving interval. 
According to the yellow warning criterion (Section 2.1, >30 mm/6 h), the frequency of intense 
precipitation events in Areeiro is on average 18 days a year (series of sub-daily values from 2002 to 
2010 referenced in Table 2); nevertheless, in 2005, 2009, and 2010 this threshold was exceeded in 
more than 25 days of each year and attained a maximum of 33 days in the last year. Conversely, near 
the coast (Funchal/Obs.) the same threshold value occurred only in 3 days/year. According to the 
statistical summary of Table 8, the typical values of maximum hourly rainfall recorded, especially in 
the areas above 600 m vary between 30 and 60 mm. 
As mentioned in the description of the study area, the spatial distribution of intense 
precipitation in Funchal tends to be influenced by the dynamic effects induced by the relief; this 
hypothesis gains weight if we consider the spatial structure of the intense precipitations shown in 
some of the maps related to the maximum 12-h and 1-h rainfall recorded in a series of rainy events 
between 2009 and 2011(Figure 6). 
Maximum precipitation for 12 h Maximum precipitation for 1 h 
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Figure 6. Spatial distribution of maximum precipitation at 12 h (left panels) and at 1 h (right panels), 
in a group of rainy episodes that occurred between 2009 and 2011. 6A: December 22, 2009; February 
2, 2010; October 21, 2010 and 6B: November 25, 2010; December 20, 2010; January 25, 2011. 
The knowledge of the singularities of the local distribution of intense precipitation presumes a 
detailed spatial analysis, which is often conditioned by the low temporal and spatial 
representativeness of the available data. The 95th percentile map of the daily precipitation (Figure 
2c) was made based on the available series of daily precipitation data (2004/2005–2010/2011) of a set 
of PSs located in Funchal and its periphery (Figure 1, Table 1). Although the climatic series used is 
short, the number of PSs in operation in that period, with no data missing, is quite satisfactory. 
The spatial distribution of this statistical parameter shows that extreme precipitation events are 
very heavy, over 60 mm, in the north and northwest of the municipality, along a band that runs 
diagonally from SW to NE between 500 m of altitude and the highest mountains of Funchal, over 
1000 m; the precipitation reaches a maximum of over 80 mm in the rocky peaks of the Areeiro. In the 
urban area of Funchal, roughly 300 m above sea level, the 95th percentile of daily precipitation is less 
than 40 mm. 
The attempts to estimate the patterns of spatial distribution of extreme events of precipitation 
have been performed with the purpose of relating them to the location of mass movements [64–67]. 
However, the spatial variability of precipitation in the mountains has not been sufficiently studied at 
a more detailed scale and, therefore, is not fully understood. For example, high resolution 
atmospheric models can also be used to get spatialized data in intense precipitation events [68]. It is 
important to comprehend whether there is a typical spatial incidence of intense precipitation storms 
in a given region and a subsequent strong correlation with the location of the occurrence of mass 
movements, or otherwise, the intense precipitation resulting from the passage of convective cells 
tends to show a random distribution from one event to the next, therefore, without any influence on 
hydro-geomorphological susceptibility [67]. In the case of the rainy event of 20 February, 2010 in 
Funchal, from the calculation of the number of hours of rainfall above typical thresholds and the 
spatial estimation of this statistical information using the ordinary kriging method, it was possible to 
find that certain areas of the upper sector of Funchal streams, where there was a greater number of 
landslides, coincides with the persistence of hourly rainfall over 30 mm for more than 3 h. 
In general, the synthesis map obtained (Figure 2d) indicates that intense precipitation tends to 
occur in the highest areas of the municipality as well as in the range of intermediate altitudes, 
roughly comprised between 400 and 700 m, affecting the urbanized highlands of Funchal where the 
rugged terrains contribute to the existence of situations of significant hydro-geomorphological 
instability. 
3.2. Susceptibility Map 
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This simplified GIS-based model of mass movement susceptibility evaluation results from the 
crossing of spatialized information on a set of factors of instability of the terrain, assuming that some 
of these factors will have greater influence on the production and transport of solid material in the 
basins. The susceptibility map to mass movements in Funchal is shown in Figure 7. The results were 
grouped by the natural break classification method [11], into five susceptibility classes: very low, 
low, moderate, high, and very high. The class interval is obtained according to the greater or lesser 
proximity between the susceptibility values. The areas of greatest susceptibility are depicted in red, 
while the safest terrains are shown in green. From a hydro-geomorphological point of view, the 
results obtained basically provide a general perception of the areas of greater risk as well as of the 
safest areas. 
The main orange and red spots coincide with the slope of the upper sectors of the basins, 
marked by the deep incision of the valleys. The susceptibility map obtained tells us that in these 
sectors, where the slopes are steep, the rain is strong and the type of soil are more permeable, there is 
a greater propensity for the occurrence of mass movements. The relationships between intense 
precipitation and soil moisture conditions and land use depend on various circumstances and are 
determinant in the production of surface runoff. Whenever the events of intense precipitation on 
natural terrain lead to the rapid saturation of the soils or occur when they are already saturated, the 
floods thus generated will have greater severity. In these circumstances, the permeability level of a 
non-urban saturated area and of an urban area may be similar after an event of intense and relatively 
prolonged precipitation [69]. 
According to the map of Figure 7, approximately 12.6% of the municipality area is classified as 
very high susceptibility and 23% as high susceptibility, while very low susceptible soils cover about 
15.2%; the classes of moderate and low susceptibility represent 26.8 and 22.3% of the land, 
respectively. The areas of greatest susceptibility are located mainly along the middle line of the 
municipality, above 500 m of altitude, where the mountains are cut by deep, narrow bottomed 
valleys, that promote a greater interaction between slope processes (landslides and debris flow) and 
the river dynamics. 
In general, a significant part of the low susceptibility areas is in the western part of the 
municipality, of equally irregular relief, but at relatively lower altitudes and outside the area of the 
three main basins of Funchal. It is worth noting that under the general territorial planning options of 
the revised Municipal Master Plan (approved in March 2018), this zone of urban periphery, with 
interstitial spaces, was elected for the development of a new urbanity, precisely, because it gathers 
the appropriate physical conditions for urban occupation. 
 
Figure 7. Susceptibility to mass movements in Funchal. 
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4. Discussion 
The multicriteria analysis is based on the conjugation of factors of drainage in the watersheds, 
that are integrated into a spatial model using Geographical Information Systems, to create the final 
susceptibility map. The goal is to obtain a general spatial framework of the slopes and of the 
streamlines that are identified through a classification of risk intensity, between the very low level 
and the very high. In other studies, different predisposing variables have been used, i.e., the altitude, 
the stream power index and the topographic wetness index [20], which are complementary to those 
that were considered in this case study. However, these variables were not considered because the 
aim of the paper was to present a global perception of areas with greater propensity for mass 
movements, in a way that is easy to explain to policy makers the basic principles of the chosen 
method. On the other hand, it is easy to update the mass movement susceptibility map through time. 
However, we recognize that on a more detail scale, the variables mentioned above will allow a more 
rigorous assessment of spatial risk variation.  
The susceptibility model adopted represents a simplified methodological approach to facilitate 
the quick spatial identification of risk zones, in particular with regard to the complex mix of 
processes that lead to mass movements formation and subsequent flow trajectories towards and 
along the valley bottoms, since it requires less basic input data and the time required to perform it is 
low, comparative to other methods [8]. In practice, it is about adopting a pragmatic method for 
evaluating susceptibility to mass movements and composite flash floods, supported by the specific 
knowledge related to aspects of slope movements, debris flow, and flash floods, and the respective 
assessment procedures of the interactions generated between these types of phenomena. 
Regional-level susceptibility maps allow for an overview of the risk, from which it is possible to 
identify the localities where fieldwork must be carried out, for further elaboration of more accurate 
risk maps [8].  
The analysis of spatial concordance with the known historical events allowed to validate the 
chosen model. However, in cases where there is no clear correlation between the results of the 
models of susceptibility and the information on the spatial incidence of the known events, does not 
mean that a certain part of the slope or the bottom of the valley is not susceptible to being affected by 
hydro-geomorphological processes [11], due to the randomness of heavy rain events and 
circumstances of occurrence of extreme events. It should be noted that, sometimes, the magnitude 
and spatial incidence of mass movements in the bottom of the valleys is influenced by the 
accumulation inside the fluvial channel of high concentrations of debris. This kind of punctual 
fluvial obstruction problem cannot be incorporated into the susceptibility analysis model 
implemented here. 
Among the explanatory variables that were selected in this work, the information regarding the 
spatial distribution pattern of the intense precipitations is emphasized, for being a few times 
considered in studies of this nature. Finding the proper method to estimate the spatialization of 
precipitation data is not an easy task due to its high spatial variability. The choice of the suitable 
interpolator depends fundamentally on the spatial distribution and density of the pluviometric 
stations [70], and on the time interval in analysis (annual, monthly, daily, and subdaily 
precipitation). Regarding the intense precipitations, since by the conventional method of simple 
linear regression with the altitude, it has been demonstrated that the spatial correlation between 
these two variables tends to be low [71,72], it was chosen to use the Kriging method, which is 
indicated in the scientific literature as being more appropriate for short-term precipitations [73] and 
when the correlation altitude/precipitation is relatively low [74]. 
5. Conclusions 
The urban expansion and the increase in the construction density that has been and still is a 
feature of the development of Funchal, have reinforced the need and the importance of having 
accurate information resulting from the evaluation of susceptibility to mass movements and flash 
floods. 
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The results obtained show that high and very high susceptibility is more significant in the 
upper sectors of the basins, with its deep cut valleys. It should be underlined that this is not a map 
related to flood dynamics through the aggregation of stream bed or blocking of a stream course, and 
in this sense, it does not show the fluvial flat margin areas, where, in a situation of bankfull 
discharge, the solid material is stopped. However, it must not be forgotten that debris flow and flash 
floods run further down, along these valleys, to the downtown part of the city, where the three main 
streamlines run. Conversely, the susceptibility is low in the western part of the municipality. In this 
way, this susceptibility map to mass movements represents a layer of information on torrential 
processes, such as landslide and debris flow, which can serve to complement and to improve the 
quality of existing spatial information on flood zones and risk of flooding, previously elaborated, 
following only the assumption of rise in streamline water level.  
When the process of integration into a single map and harmonization of information about the 
various hazards existing in a given area is complete, it is imperative to move to the stage of 
establishing clear and objective standards for the regulation of land use and occupation of the 
streambeds, of the streambanks and the flood zones, allowing the definition of a space reserved to 
the streamline, so that it can fully perform its functions.  
The river banks are open spaces that must be maintained without any kind of 
constructions/built interventions, to facilitate the progression of mixed flows, ensuring normal 
hydrological and hydraulic functioning and ensuring the safety and integrity of people and goods. 
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